ABSTRACT A dose-response experiment was conducted to investigate the effects of excess DLmethionine (DLM) and L-methionine (LM) on growth response of starter Pekin ducks from 7 to 21 days of age. A total of 462 seven-day-old male Pekin ducklings were allotted to 77 wire-floor pens with 6 birds per pen. There were 11 treatments including a methionineadequate control diet (containing 0.49% methionine) and control diets supplemented with 5 levels of crystal DLM or LM (0.25, 0.50, 0.75, 1.0, and 1.25%) based on equal product weight. At 21 d of age, weight gain, feed intake, and feed/gain of ducks from each pen were measured. In our study, the weight gain and feed intake did not change markedly and kept a plateau when supplemental DLM or LM was below 0.50%, but the weight gain and feed intake decreased further as supplemental DLM or LM increased from 0.50 to 1.25%. When the maximum safe level (MSL) of supplemental methionine sources and methionine content of the control diets were combined, the total tolerable upper limits of methionine for weight gain and feed intake were 0.91 and 0.85% when DLM was used, respectively, and the corresponding values were 0.89 and 0.84% when LM was used, respectively. On the other hand, both excess DLM and LM reduced weight gain and feed intake (P < 0.05) but there were no significant differences (P > 0.05) in weight gain and feed intake between the ducks fed DLM-and LM-supplemented diets. Furthermore, linear slope-ratio assay was also used to evaluate the relative toxicity of excess DLM and LM. According to this assay, the efficiencies of DLM relative to LM for depression of weight gain and feed intake were 97 and 95%, respectively. In summary, excess DL-and Lmethionine were toxic for starter Pekin ducks and both methionine sources were equally growth depressing.
INTRODUCTION
Methionine is the first-limiting amino acid in practical duck diets and optimal supplementation of crystalline methionine in diets could improve growth performance, carcass traits, and feather growth of White Pekin ducks (Xie et al., 2004; Xie et al., 2006; Zeng et al., 2015) . However, excess methionine is toxic and growth depression was observed in growing Pekin ducks when 1 or 2% methionine was supplemented to control diets with the optimal methionine level (Xie et al., 2007) . The tolerable upper limit of dietary methionine for growing Pekin ducks may be less than 1.38% (Xie et al., 2007) , but the tolerable upper limit of dietary methionine for starter Pekin ducks is still unknown.
In the past decades, DL-methionine (DLM) was usually supplemented to poultry diets to meet the total sulfur amino acid requirement of poultry and the toxicity of DLM was also specified in chicks C 2017 Poultry Science Association Inc. Received April 12, 2017 . Accepted November 16, 2017 Corresponding author: houss@263.net and ducks. At present, as a new methionine source, L-methionine (LM) has been commercially available for feed formulation and LM is as efficacious as DLM for improvement of growth performance in broilers (Dilger and Baker, 2007) . Like DLM, LM is also toxic when given in excess and growth depression takes place in chicks in such instances (Harter and Baker, 1978; Baker, 1979) . In broilers, excess DLM and LM were equally growth depressing (Katz and Baker, 1975; Dilger, et al., 2007a) . However, the information on the relative toxicity between DLM and LM was lacking in ducks.
Therefore, in order to ensure the safe use of methionine sources and to establish the tolerable upper limit of methionine uptake for starter ducks, the objective of our study was to investigate the effects of excess DLand L-methionine on the growth performance of starter White Pekin ducks and to assess and compare the toxicity of DLM and LM in ducks.
MATERIAL AND METHODS
All procedures of our experiment were approved by the animal care and use committee of Institute of 946 Animal Sciences of Chinese Academy of Agricultural Sciences. Five hundred 1-day-old male Pekin ducklings from a commercial hatchery were randomly allocated to 50 wire-floor pens with 10 ducklings per pen. These ducklings were fed a control diet (Table 1 ) from hatch to 7 d of age. At 7 d of age, after all ducklings were weighed individually and some birds with lowest or highest body weight were removed, the 462 ducks with average body weight of 145 ± 20 g were selected and allocated to 77 wire-floor pens with 6 ducks per pen according to similar pen weight. There were 11 treatments (Table 2) including a methionine-adequate control diet and control diets supplemented with crystal DLM (Evonik Industries, Krefeld, Germany) or LM (CheilJedang Co., Seoul, Korea) according to 5 supplemental levels (0.25, 0.50, 0.75, 1.00, and 1.25%) based on equal product weight. Both crystal DLM and LM had 99% purity and they were supplemented to control diets at the expense of corn. Each treatment had 7 replicate pens of 6 birds each. During the period from hatch to 21 days of age, all ducks had free access to feed and water and feed was provided in the form of pellets. Lighting was continuous. The temperature was kept at 33
• C for the first 3 d and then was reduced gradually to approximately 25
• C until 21 d of age.
The methionine content of the control diet was 0.49% and it was adequate for duck growth (Xie et al, 2004) . The contents of nutrients except crude protein in the control diet met the NRC (1994) recommendation of White Pekin ducks from 0 to 2 wk of age and the content of crude protein in the control diet met the requirements of starter Pekin ducks provided by Xie et al. (2017) . All experimental diets were cold pelleted at room temperature. The methionine and cysteine of all experimental diets were analyzed according to the method recommended by Standardization Administration of China (2000). Briefly, methionine and cysteine were oxidized at 0 • C by performic acid (formic acid: hydrogen peroxide = 9:1) for 16 hours and then hydrolyzed at 110
• C by 6 M HCL for 24 hours. After that, the pH of these hydrolysates was adjusted to 2.2 and then analyzed by using ion-exchange chromatography with an amino acid analyzer (L-800, Hitachi, Tokyo, Japan). The supplemental DLM or LM levels of all diets were also confirmed by the difference in analyzed methionine contents between the control diet and the corresponding DLM or LM-supplemented control diets. The 5 confirmed supplemental DLM levels were 0.24, 0.50, 0.78, 0.98, and 1.26%, respectively, and the 5 confirmed supplemental LM levels were 0.26, 0.49, 0.73, 1.00, and 1.25%, respectively, which is very close to the formulated levels (0.25, 0.50, 0.75, 1.00, and 1.25%).
At 21 d of age, weight gain, feed intake, and feed/gain of ducks from each pen were measured. Feed intake and feed/gain were all corrected for mortality.
Data were analyzed as a completely randomized design by ANOVA procedure of SAS software (SAS Institute, 2003) , with pen used as the experimental unit for analysis. The orthogonal contrasts were used to compare the difference between DLM and control, LM and control, and DLM and LM, and a probability level of P < 0.05 was considered to be statistically significant.
In our study, the broken-line regression (Alhotan et al., 2017 ) was used to estimate the maximum safe level of supplemental DLM or LM for starter ducks using the NLIN procedure (SAS Institute, 2003) . The broken-line linear model was provided as follows:
where y = growth response (weight gain or feed intake), x = supplemental DLM or LM (%), r = breakpoint between two lines which was defined as the maximum safe level (MSL) of supplemental DLM or LM (%), u = the slope of the curve, l = maximum response if x < r and y = l + u (x−r) if x ≥ r.
Furthermore, according to the statistical method suggested by Sterling et al. (2003) , a Student t test was used to determine if a difference existed in maximum safe levels between supplemental DLM and LM.
On the other hand, according to the statistical method of Littell et al. (1997) , the linear ratio-slope regression was used to estimate the toxicity of DLM relative to LM by NLIN procedure of SAS software (SAS Institute, 2003) . The linear ratio-slope model was provided as follows:
where y = growth response (weight gain or feed intake), a = intercept (duck performance with control diet), b 1 = steepness coefficient for supplemental DLM, b 2 = steepness coefficient for LM, and x 1 , x 2 = supplemental level of DLM and LM, respectively. The relative toxicity of DLM compared with LM was given by b 1 /b 2 .
RESULTS AND DISCUSSION
In our study, the analyzed methionine content of the control diet was 0.49% (Table 1) and this value was similar to the methionine requirement of starter Pekin ducklings estimated by Xie et al. (2004) , which ensured the maximum growth of ducks fed the control diets in our study. Furthermore, L-methionine could be incorporated directly into body proteins, but the D-methionine must first be converted into keto-methionine and then into the L-methionine before being incorporated into protein. In order to avoid the debate on the conversion of D-methionine to L-methionine, crystal LM (not DLM) was used in the control diet to meet the total methionine requirement of ducklings and the 0.18% crystal LM in the control diets was supposed to support duck growth through its incorporation into protein.
Total mortality was less than 1% and dead birds came from different treatments, not only one treatment, which did not affect the accuracy of our results.
In the present study, supplementation of excess DLM or LM in control diets had negative effects on weight gain (P < 0.05), feed intake (P < 0.05), but not feed/gain (P > 0.05), which indicated that growth depression resulted from reduction of feed intake. Our results confirmed the toxicity of excess DLM and LM in starter ducks and the toxicity of DLM was also observed in growing Pekin ducks (Xie et al., 2007) . In order to avoid any detrimental effects of excess crystal methionine on the biological performance of the ducks, it was necessary to estimate the MSL of these methionine products when crystal methionine was supplemented into the diets. It is preferable to estimate MSL by linear broken-line regression rather than multiple range tests (Alhotan et al., 2017) . In our study, the weight gain and feed intake did not change markedly and kept a plateau when supplemental DLM or LM was below 0.50%, but the weight gain and feed intake decreased further as supplemental DLM or LM increased from 0.50 to 1.25% (Table 2) , which showed the broken-line response. Therefore, according to linear broken-line regression, the MSL of supplemental DLM and LM for weight gain were 0.42 and 0.40%, respectively, and the MSL of supplemental DLM and LM for feed intake were 0.36 and 0.35%, respectively (Table 3) . Furthermore, when maximum safe level of supplemental methionine sources and methionine content (0.49%) of the control diets were combined, the total tolerable upper limits of methionine for weight gain and feed intake were 0.91 and 0.85% when DLM was used, respectively, and the corresponding values were 0.89 and 0.84% when LM was used, respectively. In broilers, the weight gain of broilers before 22 days of age post-hatch was not reduced significantly when 1% DLM was added to the control diets containing 0.57, 0.46, or 0.51% Met, respectively (Han and Baker, 1993; Scherer and Baker, 2000; Dilger et al., 2007b) . Therefore, the ducks may be less able to tolerate excess methionine compared with broilers during the starter period.
On the other hand, the toxicities of DLM and LM in starter ducks were compared and excess DLM and LM were equally growth depressing based on the equal product weight. For orthogonal contrasts in our study, both excess DLM and LM reduced weight gain and feed intake (P < 0.05) but there were no significant differences (P > 0.05) in weight gain and feed intake between the ducks fed DLM-and LM-supplemented diets (Table 2) . Furthermore, the Student t test also showed that the MSL of DLM was not significantly different from the MSL of LM (P > 0.05, Table 3 ), which also indicated DLM and LM had the same toxic effects on duck performance. Our results were also supported by Dilger et al. (2007a) who found that DLM was no more growth depressing than LM when 1.5 or 3.0% methionine was supplemented to chick diets.
DL-methionine is a racemic (50:50) mixture of Dand L-methionine. L-methionine could be incorporated directly into body proteins, and it is assumed to be 100% efficacious, but D-methionine must be converted to L-methionine before it is incorporated into protein.
It is well established that the chick can use D-Met with greater than 90% efficacy relative to L-Met (Wretlind and Rose, 1950; Sugahara et al., 1967; Sunde, 1972; Baker, 1986) and it has been traditionally accepted that DL-Met is 95% efficacious relative to L-Met due to equal dietary contributions of the D-and L-isomers (Baker, 2006) . Our results in linear slope-ratio assay for relative toxicity of excess methionine sources supported the aforementioned hypothesis. In our study, linear slope-ratio assay was also used to compare relative toxicity of excess DLM and LM because the responses to the factors in the dose-response studies should be continuous, not discrete. According to this assay, on the equal supplemental levels, the efficiencies of DLM relative to LM for depression of weight gain and feed intake were 97 and 95%, respectively (Figures 1 and 2) , which also indicated that DLM was as toxic as LM. Furthermore, our results were also supported by the results in chicks at nontoxic methionine levels in which the efficacy of DLM relative to LM was 98.5 and 97.2% for improvement of weight gain and gain/feed, respectively (Dilger et al., 2007a) .
In conclusion, excess DL-methionine and Lmethionine reduced the growth response of starter Pekin ducks and DL-methionine was as growth depressing as L-methionine at equal product weight. The total tolerable upper limits of methionine for starter Pekin ducks was about 0.90%. 
